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 The application of mechanical excavation using disc cutters is predominantly to cut hard 
rock. The force required to cut rock is determined from the force penetration curve generated by 
different models which helps predict the machine performance. The trends of force penetration 
plot of a disc cutter cutting rock are generated in a laboratory scale by linear cutting machine 
(LCM) tests.  
Linear cutting tests measure cutting forces, acting on a cutter in full-scale cutting 
experiments to mimic field conditions where mechanical excavation equipment fragments and 
mine rock. The trend of varying cutting forces as a function of rock properties, cutter size and 
shape, and cutting geometry has been studied in the past and is well understood. However, of all 
the tests in the past on various cutters, and especially disc cutters, have been performed at discrete 
penetration points and used to develop the best-fit trend line of force variation as a function of 
increments of penetration. No study was performed to understand the effects of cutting forces on 
a continuously increasing or decreasing (variable) penetration, even though this mode of operation 
is very common in partial-face machines.  This refers to the crescent shape cutting profile of the 
contact area when using drum type cutters as opposed to the full-face machines such as TBMs 
where cutters work in constant penetration mode.  
In this study, a modified testing method is developed and used to perform the LCM tests 
under variable penetrations and generate a continuously increasing and decreasing force-
penetration plot. The main goal was to compare the force-penetration trends over constant or 
discrete penetration versus variable penetration tests in the same rock. A data analysis routine is 
developed for this method to ascertain the compatibility of the two approaches for design purposes. 
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Six rock blocks were successfully tested to generate data for comparison of the two methods from 
which inferences were made followed by possibilities for future work. 
Three rock types were tested on the LCM using the conventional testing method using 
increments of penetration (or constant penetration mode) as well as continuously increasing and 
decreasing (or variable) penetration.  When performing the variable penetrations, different slopes 
have been used. This refers to the change in penetration from zero to a nominal depth of penetration 
at the end of the LCM stroke, simulating a continuously changing penetration like the conditions 
in a partial-face machine operation.  The test matrix involved cut spacing interval of 62.5 to 100 
mm (2.5-4 inch) in different rock types.  
The results show that while the anticipated force trends were observed relative to the near 
linear or power function increase with the cutting force with penetration, trends of constant and 
variable penetration tests were in similar range, except in bedded sandstone, which estimates lower 
forces when variable penetration mode was used. The test results indicate that the higher the slope 
(or higher nominal terminal depth of penetration), the lower the force measured for the same range 
of penetration. Overall, the tests show that the past practice of using the increments of constant 
penetration test results to develop force-penetration was valid, although in the limited testing on 
five rock blocks, the measured forces using the variable penetration method was slightly lower 
than the forces measured in respective constant penetration tests.  The sieve analysis of the cuttings 
from the two methods of tests showed that there is no significant difference in particle size 
distribution between constant and variable penetration cutting modes.  
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Mechanical excavation of rock has been around since the mid 1800’s when tunnel boring 
machines were proposed to dig a tunnel under the Thames river, followed by the use of coal saw 
in the US in late 1800’s and early 1900’s. Mechanical excavators were developed to compete with 
and replace conventional excavation of rock by drilling and blasting as a method that has been 
around for several centuries. (Schunnesson, 2014) The developments in mechanical excavation 
focused to eliminate the laborious and unsafe conditions (especially working with explosives), 
automate the operation, and increase the productivity compared to conventional methods.  
The ability to meet or exceed productivity of the conventional drill and blast operations in 
hard rock formations was possible with the introduction of disc cutters. The use of disc cutters 
started lacing Tunnel Boring Machines (TBM) for a project in Ohio where the discs were installed 
to aid the pick cutters, and later proved to be more effective working alone in the 1950’s. Since 
then, there has been widespread research and studies conducted to understand the interaction 
between disc cutters and rock.  (Rostami, 2013) 
To study the disc cutters interaction with rock in a laboratory scale, a Linear Cutting Machine 
(LCM) is used to perform linear cutting tests. LCM is a full-scale cutting test using actual disc 
cutters to measure the cutting forces while cutting rock at the spacing and penetrations used in the 
field by various excavators. The force for a given preset cutting geometry (spacing and penetration) 
is measured during the test and plotted against testing parameters (such as penetration) to observe 
the trend in cutting forces. The results of the cutting forces measured by the full scale cutting tests 
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are used to develop force-penetration/spacing relationships, which in turn are used to predict the 
performance of the related machines in a given rock formation.  
The application of the disc cutters has been predominantly on TBM, which is a full-face 
mechanical excavator as shown in Figure 1. Full-face excavators cut the rock by advancing the 
cutterhead, while all the cutters are in contact with the rock at any given time.  The testing process 
to study the cutting forces acting on a disc cutter for TBM application involves setting increments 
of constant penetration on the disc cutter mounted on the LCM and measuring the cutting forces 
while cutting the rock. The force results obtained from these tests could be applied on TBMs since 
the penetration of the cutter is constant, similar to cutting the rock at the TBM face.  For these 
tests, the forces measured during the test on each cut is averaged to represent the anticipated cutting 
forces for a given set of spacing and penetration.  
However, there are various types of partial-face machines among the rock excavation 
machines.  They include road headers, drum shearers, continuous miners, road milling machines 
in soft rock (mainly coal, gypsum, trona, etc.) and their equivalent in hard rock applications. In 
hard rock applications, machines like mobile miners have been introduced where the cutters are 
mounted on a rotating cutting drum and cut a crescent shape profile as the drum moves in the 
direction perpendicular to its axis of rotation as shown in Figure 2.  As such, cutters undergo 
variable penetration where the penetration starts at zero and increases to a maximum value, which 
is the penetration per revolution of the cutterhead, and decreases as the cutters pass through the 







Figure 1: Top-Cutting action of a full-face TBM (Carrington West, 2017), Bottom - Schematic 





Figure 2: Top - Cutting action of partial face Mobile Miner developed by Atlas Copco (Fiscor, 
2012); Bottom - Schematic diagram of cutting action of single cutter on rock surface of a mobile 
miner (direction - left to right and top to bottom) 
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The relationship between the cutting forces and penetration is needed to evaluate the forces 
acting on the cutterhead and to perform cutterhead design studies and performance prediction.  
This relationship can be determined by available formulas, which are not very reliable, or in ideal 
conditions, by the full-scale linear cutting tests.  In such tests, cutting geometry, which refers to 
the spacing between the cuts and cutter penetration, is selected based on the rock type and cutter 
type and size.  Once the spacing between the cuts are established, penetration can be changed at 
discrete increment but often kept constant during the tests and averaged, as discussed before.  
However, this method may not simulate the actual interaction that happens during a variable 
penetration cutting method and thus, interject some errors in calculations. There has been no LCM 
testing in the past to simulate the variable penetration mode and thus, it has not been feasible to 
focus on interaction between the cutters and rock to understand this phenomenon.  While it is 
possible to install load sensors under the cutters on a drum and make direct measurements, such a 
proposition is very difficult due to the technical challenges of data communication between the 
load cell on a rotating drum, not to mention the interference by the vibration induced by the cutting 
action of the other cutters on the head. 
To verify the compatibility of the force penetration curve of discrete penetration tests, with 
that of a variable penetration cutting, and allow for more accurate simulation of the cutting action 
on a partial-face machine cutter head, the linear cutting test method was altered to allow for 
performing variable penetration tests. The test was designed to vary the penetration in an 
increasing or decreasing manner in a single cut at a preset slope. The force results obtained from 
the variable penetration tests were processed with a new routine and were compared with the force 
trend of discrete constant penetration points. 
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A number of tests have been conducted in the past with different research objectives including 
disc cutting of granite, limestone, sandstone, etc., along with measurement of rock mechanics and 
physical properties.  One such study involved comprehensive tests performed on Colorado Red 
Granite (CRG) to understand the impact of spacing and penetration on cutting forces by Gertsch 
(2007). The finding of his study was used to verify the current test results, which was in CRG.  
The objective of this thesis was to compare the forces in increasing and decreasing penetration 
(as observed in partial-face machines) with the conventional testing method of constant penetration 
and develop a basis to compare the two methods. The cutter interaction has been studied in two 
parts including continuously increasing and decreasing penetration, as well as constant penetration 
tests in full-scale cutting tests on the LCM unit. The tests for the current study were performed on 
six-rock sample belonging to three different rock types. The rock blocks were Colorado Red 
Granite (CRG), Lyon Sandstone (LS), and foliated meta-sedimentary rock formation (referred as 
foliated rock). A new method for data analysis was developed which allows for the comparison of 
force-penetration trends in each method. 
The thesis is organized into seven chapters, including this introduction. Chapter 2, on 
background and literature review details the work on disc cutters in the past. Chapter 3, on Linear 
Cutting Test provides a complete description of the equipment, operational and testing procedures, 
preparation work for testing and test plan specific to this work. Chapter 4 subsequently explains 
the analysis of the data obtained from LCM and the methods used for this thesis work. Chapter 5 
provides the test results and explains the results with any background reasoning. The final chapter, 





BACKGROUND & LITERATURE REVIEW 
 Study of the cutting mechanisms of disc cutters used as the cutting tools on mechanical 
excavators has been the subject of research for more than six decades. The rock - cutter interaction 
for rock fragmentation is important in designing an efficient and economic excavation process. 
Since the introduction of disc cutters in 1950’s, a number of studies have been conducted in the 
industry and academia to better understand the influencing parameters and the impacts of these 
parameters on cutting performance of disc cutters in different applications. Various mechanisms 
and methods have been proposed and used in the industry for performance prediction. Rostami 
(2013) and Gertsch (2007) provide a detailed background on the literature done for performance 
prediction of Tunnel Boring Machines (TBM), which predominantly use disc cutter technology.  
Different methods to estimate the forces acting on a disc cutter have been introduced and 
used in the past, and various laboratory testing methods and protocols have been examined. Full-
scale laboratory rock cutting tests for evaluating the cutting action of disc cutter have been 
performed using a linear cutting machine (LCM) at the Colorado School of Mines (CSM) since 
the mid 1970’s. Different methods of rock indentation have also been used to correlate the forces 
and other parameters with rock properties like Teale (1965), Morrell (1970), Morrell (1974), 
Roxborough (1975), Ozdemir (1978), Howarth (1982) and others.   
One of the most commonly used methods for performance prediction of TBM was 
introduced by Rostami (1992, 1997 & 2008), based on the linear cutting test data of disc cutters 
tested at Earth Mechanics Institute (EMI) during the 1980’s and 1990’s. The test results and related 
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studies demonstrated that key parameters influencing the rock fragmentation by disc cutters are 
spacing and penetration of the cuts for given rock. The impacts of spacing and penetration have 
been studied along with cutter type and geometry by Ozdemir (1978) and others in previous 
studies.  
 
Figure 3: Force Penetration curve drawn from LCM test data (Gertsch, 2007); S - Spacing 
 A study dedicated on the impacts of spacing and penetration was done by Gertsch (2007) 
on an isotropic granite rock and the observed trends were discussed in his publications. The paper 
justifies the reason behind the optimal 76mm spacing found in TBM’s cutter spacing and states 
that its results validates the normal force penetration model. The normal force penetration plot 
generated at different spacing (S) by Gertsch (2007) (shown in Figure 3) was performed on the 
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CSM LCM equipment used for this thesis. The linear regression of the data points in the Gertsch 
study is justified, but using linear best fit lines passing through origin is going to introduce some 
errors in the slope of the measured forces, although logically the curve should go through the origin 
since a zero penetration should require zero force.  In reality, the best-fit curve that will match the 
behavior of cutting forces relative to the penetration is the power curve, as will be discussed later. 
The testing on anisotropic rock was performed using indentation and linear cutting tests by Sanio 
(1985) on bedded sandstone and metamorphic rocks with schistosity. The study indicated that the 
presence of anisotropy reduces the cutting forces and the cutting direction perpendicular to the 
bedding or schistosity produces the least force. The direction of cutting parallel to bedding or 
schistosity is stronger to cut compared to perpendicular direction.  
 
Figure 4: A mobile miner developer in the 1990's by The Robbins Company (Hood, 2000) 
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The study by Naghadehi (2017) is one of the recent papers in disc cutters and optimizes 
the spacing for jointed rock mass. The paper also provides a detailed background literature on disc 
cutters of the recent past. A significant number of papers cited in this study deal with numerical 
modelling simulating the cutting action and fracturing processes or using optimization techniques 
to design cutters or artificial intelligence algorithms for performance predictions. In addition to 
linear cutting tests, there have been studies using rotary cutting tests where the disc cutters cut rock 
in concentric circles, as they would on the face of a TBM  (Sato, 1991). All of the studies listed in 
this section have been based on the test setting where constant penetration has been used.   
Hood (2000) states that the mobile miners developed by The Robbins Company as shown 
in Figure 4, were not widespread because of the higher load on cutters. These mobile miners had 
lesser number of cutters in contact with the rock at any point of cutting compared to TBM, leading 
to a higher load. However, there has not been any testing performed with variable penetration 
using disc cutters since the test only applies to partial-face machines, which so far have primarily 
used pick cutters and not discs, with the exception of the mobile miner. Thus, variable penetration 
only applies to a limited number of machines involving the disc cutters as cutting tools on a drum 
that moves sideways as it cuts, in contrast to full-face machines such as TBMs that operate in 
constant penetration. This is the main reason for the use of constant penetration by all the previous 
researchers. Thus, it is observed from the literature the need to study the cutter interaction in 






LINEAR CUTTING TEST 
3.1 Introduction 
Linear cutting tests have been performed in the past by various researchers for different 
types of cutters. The literature of tests done in LCM for pick cutters can be found in Kang (2016) 
and for disc cutters in (Rostami, 2013). The tests performed on disc cutters by Gertsch (2007) was 
a comprehensive study describing the impact of spacing and penetration on cutting forces and 
other calculated parameters such as specific energy associated with cutting a hard brittle isotropic 
rocks.  
To evaluate the cutting forces between the constant penetration and variable penetration 
modes, full-scale rock cutting tests have been performed.  The test setup consists of a large scale 
Linear Cutting Machine (LCM), and involves cutting a large rock sample with a given cutter along 
straight lines at a preset penetration and spacing. The cutters can vary from pick to disc or drag 
bits of different sizes and orientation angles. The scale of testing is designed to simulate the field 
conditions of an actual rock and cutter’s interaction removing any uncertainties associated with 
scaling. 
3.2 Linear Cutting Machine 
The machine consists of a large stiff frame on which the cutter is mounted using an 
appropriate saddle. The frame is designed to be stiff and firmly affixed to the ground, removing 
any vibrations or stress deformations due to rock cutting. The cutter is mounted below a tri-axial 
load cell, which measures the cutting forces (normal, rolling and side) in the form of voltage. The 
load cell is connected to a data acquisition system that can be programmed to acquire data at a 
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preset frequency and duration. The load cell is calibrated with known forces for each cutter and 
verified periodically. 
The load cell setup for measuring cutting forces is mounted on a horizontal beam, which 
moves vertically relative to the frame at a preset penetration, by a hydraulic system. The 
penetration of the cutter is set by adding hard steel sheets (called spacers) of known thickness 
between the beam and the frame. The beam is held stiff against the frame with the sheets in 
between, by the hydraulic pump to prevent any oscillation while cutting. The complete setup tested 
is shown in Figure 5, and a schematic diagram of the setup is shown in Figure 6. 
 




Figure 6: Schematic Diagram of Linear Cutting Machine (Rear View) (Gertsch, 2007) 
The rock to be tested is casted in a heavy steel box (called rock box) with inside dimension 
of 1.17m x 1.02m x 0.51m (46”x 40” x 20”) for concrete cast samples. The rock box is mounted 
on a sample tray that is mounted on two cylindrical rails and can move along the rails for about 
1m of horizontal displacement.  While the cutter is fixed relative to the frame against horizontal 
movement, the sideways movement of the rock box means that the cutter moves along the length 
of the box for cutting each line.  In addition, the box can move laterally on the sample tray by the 
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aid of two hydraulic arms that allow the cutter to cut along the lines at selected spacing (set along 
the width of the sample). The rock box has matching windows on the top where the rock is exposed 
for cutting.  The depth of the windows are approximately 0.2m (8”) and rest of the sample remains 
inside the concrete jacket to provide the necessary stiffness and confinement on the sample, which 
prevents the sample from breaking up under the load of the cutters. The rock is cast in concrete 
simulating the field conditions. The sample box is tapered with its apex facing upward towards the 
cutting face (under the cutter) to add additional confinement.  
The tray moves in and out of the frame on two cylindrical steel rails by a servo-controlled 
hydraulic actuator connected via a hydraulic jack. The jack movement or the tray motion, which 
is the position of cutter relative to sample surface, is determined by linear variable displacement 
transducer (LVDT), and its distance in terms of voltage is monitored along with the load cell data 
by a computer controlled data acquisition system (DAQ).  
The DAQ system is centrally set up to initiate the cutting motion at a preset speed and 
record pertinent data. The penetration and spacing are controlled by individual levers separately 
located in the frame and tray, respectively. All data are acquired using a dedicated computer system 
using LabVIEW software in which the frequency and duration of data acquisition can be set. 
The LCM setup described in this section is the same equipment used in prior literature and 
was not modified for constant penetration tests. However, for variable penetration, additional hard 
steel sheets of known thickness (referred to as bottom spacers) were placed along the edge of the 
width of the rock box between the rock box and tray. This provides an increasing penetration slope 




3.3 Linear Cutting Test Procedures  
 The linear cutting test consists of moving the cutter along the rock at a preset spacing, 
penetration and speed. The data acquired is the cutting forces over the distance of the cut trace. 
The tests were carried out in two different methods: constant, and in this study, variable 
penetration. The procedure for constant penetration was performed as in the past literature. 
(Rostami, 1997) (Gertsch, 2007). For variable penetration, the setup and procedures were modified 
and will be discussed in details later in this section. 
 The cutting forces consists of three components - normal, rolling and side. The normal 
force is the vertical load acting on the cutter, and forms the major component among the three in 
terms of magnitude. The rolling force relates to rotational torque of the cutter, and acts horizontally 
along the cutting direction. The side force acts horizontally along the axis on the tip of the cutter 
in both directions, depending on the location of chip formation at the surface of the rock.  A 
schematic diagram of the forces on a disc is provided in Figure 7. 
 
Figure 7: Three-dimensional forces acting on a disc cutter. (Rostami, 1997) 
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 The normal force relates to the thrust provided by an excavator into the cutter. (Rostami, 
1997) The higher the normal force, the larger the crushed zone and higher the penetration. The 
limiting factor in exerting more force is the load capacity of the cutter. (Roby, 2008) The rolling 
force, on the other hand, relates to the torque of the equipment. The higher the penetration, the 
more the rolling force and hence, the torque required to rotate the cutterhead. However, the rotation 
speed is also limited by the cutter velocity limit, which is related to allowable speed of bearing 
rotation inside the disc cutter assembly. 
Some description of LCM nomenclature is provided here. A series consists of a set of cut 
lines for a specific spacing and penetration. A pass is a set of cut lines all along the rock surface 
cutting for a given vertical position of the cutters relative to the LCM frame, representing a layer 
in the cut sequence at given penetration. A series comprises of at least two passes, where the first 
one could serve as the conditioning pass. Figure 8 shows the schematic drawing of the test set up 
and visual description of the cutter action and nomenclature of the LCM test settings. 
 
Figure 8: LCM sample and nomenclature. (Rostami, 1997) 
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 In order to perform constant penetration tests, the cross beam on the frame of the LCM 
where the load cell/cutter saddle is mounted is lowered at predetermined penetration thickness, set 
by the top spacers. The disc is aligned along the cut line and the tray is moved against the cutter at 
a fixed speed. Data is acquired for the whole duration with a buffer time before and after the cut. 
The load cell records the voltage in its four legs all along the cut line with the distance measured 
and recorded by LVDT values. The process is repeated all along the accessible width of the rock 
box. The procedure is repeated for the next penetration, and so on.  
 
Figure 9: Fresh (Uncut) rock surface (left) - Conditioned rock surface (right) 
The initial rock surface is conditioned at the lowest penetration to be tested with at least 
two passes until the cut lines are well established on the rock surface at the preset spacing. This is 
done to simulate the action of the disc cutter in the field where the cutter runs mostly on surface 
damaged by previous cuts and not on a fresh one. Thus, due to excess damage at higher penetration, 
the test is carried out from lower to higher penetration. Also, the first cut for each penetration can 
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be considered as conditioning, so that the surface is damaged in the given penetration.  The 
difference between a fresh rock surface and a conditioned rock surface at given spacing for 
Colorado Red Granite is provided as an example in Figure 9. 
 
Figure 10: Increasing and decreasing cutting action in rock. 
The variable penetration tests were performed for both increasing and decreasing slope. In 
both cases, the rock box sitting on the tray is inclined at the desired slope and moved against the 
cutter. To perform increasing slope, the rock box is lifted from the front end of the machine and a 
spacer sheet of known thickness is inserted with the sheet’s edge 165mm (6.5”) from the width 
side edge of the rock box. The test is carried out similar to constant penetration but no spacers are 
inserted at the top of the load cell. In this setting the cross frame is fixed and the cutter did not 
move down, hence the depth of penetration at the initial point of contact between the cutter and 
the rock will be zero.  Then the penetration continuously increases as the cutter moves along the 
line since the far end of the sample has been raised by a pre-selected value (by installation of 





since the first set of cut lines would be considered as conditioning pass the process is repeated for 
at least another pass to acquire valid test data. 
 The variable test for decreasing slope is performed subsequently after the increasing slope 
passes. Since the rock surface is already sloped due to cutting of the increasing slope test, the 
decreasing slope test is performed by lowering the cross frame at the preset end penetration of 
increasing slope test and lowering the inclined rock box at the same preset end penetration. Thus, 
the bottom spacers are removed and spacers of same thickness are inserted in the top and tested 
similar to constant penetration tests. Similar to every other test, the first pass is considered 
conditioning. The decreasing tests can be performed by lifting the rock box from the rear end but 
was avoided due to inconvenience in accessibility. However, if more passes were required to be 
performed in decreasing slope, this method was followed. An example of the cutter path is shown 
in Figure 10. 
3.4 Rock - Sample, Properties and Preparation  
Six rock blocks associated to three different rock types (Colorado Red Granite, Lyon 
Sandstone, foliated meta-sedimentary rock formation) were tested for this study. The samples are 
abbreviated as given: one Colorado Red Granite - CRG, two Lyon Sandstone - LS1 & LS2 and 
foliated rock blocks - FR1, FR2 and FR3. The granite and sandstone were available at EMI and 
the foliated rock was obtained from North Idaho Mines.  
The granite and sandstone are uniform with quartz rich mineralization unlike the foliated 
rock, which has different minerals. The foliated rock was mineralized with sphalerite, galena, 
tetrahedrite, quartz, siderite, ankerite and traces of other minerals. The granite was selected as an 
isotropic rock, the sandstone had bedding in one direction and the foliated rock was foliated with 
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different minerals grouping in visible bands. A greater number of samples were cored and tested 
from the foliated rock in order to have a significant representation of the rock properties. 
All six blocks were cored using a 54mm (2”) diameter core barrel to characterize the rock 
for rock mechanics testing consisting of unconfined compressive strength (UCS), Brazilian tensile 
Strength (BTS), Cerchar Abrasion Tests (CAI) and Punch Penetration (PP) test. After coring the 
samples for rock mechanics tests, the rest of the sample were trimmed with a hand held saw, so 
the samples could be cast into the linear cutting machine rock boxes. The two sandstones samples 
were cast differently. The first one (LS1) was cast with the cutting direction perpendicular to the 
bedding plane. This resulted in unfavorable test conditions and hence the second one (LS2) was 
cast with the bedding parallel to cutting directions. 
Table 1: Rock Mechanics Test Results Summary 
Characterizing the rock is an important key in performance prediction, as detailed and 
accurate characterization helps to understand the rock behavior and as a result, one can select 
reliable models to describe rock cutting behaviors. The basic characterization of the rock are the 
uniaxial compressive strength (ASTM D7012) and indirect tensile strength (ASTM D3967) tests, 
Test Type CRG LS1 LS2 FR 
UCS (MPa) 179 197 194 110 
BTS (MPa) 8.90 10.8 8.61 6.41 
CAI 5.3 6.1 7.2 2.5 
PP Peak Slope (kN/m) 22.6 21.8 25.9 15.8 
Dynamic Young’s modulus (GPa) 51.1 38.2 48.5 47.3 
Dynamic Poisson’s ratio 0.23 0.05 0.13 0.25 
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which are used for different fracture mechanism models. The granite and sandstone have higher 
UCS and BTS values referring to higher strength in comparison of the foliated rock. 
Additionally, Cerchar tests (ASTM D7625) are used to characterize the abrasive nature of 
the minerals in the rock. The higher CAI values in granite and sandstone is because of the higher 
quartz content in the rock. Also, CSM punch penetration tests were carried out to find out rock 
toughness and its resistance to mechanical indentation. The average of these tests results for each 
rock is shown in Table 1. A table detailing with the statistical parameters is presented in Appendix 
A. 
To characterize the schistosity of the foliated rock, point load tests were carried out and the 
anisotropy parallel (axial) to perpendicular (diametric) is estimated to be 1.2. Similar tests were 
carried out on Lyon sandstone and the ratio of parallel (diametric) to perpendicular (axial) is 
estimated to be 0.9, which is the same as the coefficient of anisotropy (1.2~ 1/0.9).  
 
Figure 11: Sample (LS1) prior to casting - test surface facing inside (left) and after casting (right) 
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The material used for casting the rock blocks into the linear cutting samples was a 3,000 
psi sand grout.  A specific mix design was used for casting the samples in order to prevent excess 
water from affecting the samples during the curing process. The mix had a Water/Cement ratio of 
0.5, a slump of 11.5 inches with an air content of 4.9%. No adverse effects were observed during 
the curing process. Figure 11 presents one of the samples prior to casting and after casting. The 
concrete mix design used for casting is presented in Appendix B. 
3.5 Test Plan 
Tests were conducted on all six blocks and each block had a test plan developed before testing. 
The test plan was developed based on a CSM model (Rostami, 1997) to estimate the cutting forces 
encountered during testing at different spacing and penetration for the disc cutter selected. The 
limiting factor for testing was the load capacity of the disc cutter since operating beyond its 
capacity could damage the bearings of the cutter. The test variables during linear cutting tests 
include cutter type, cutter tip angle, spacing, penetration and cutting speed. The complete test 
matric is provided in Table 2. 
 
Figure 12: 17" Disc Cutter with 19mm CCS - Front (left) and Side (right) profile 
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The cutter used for testing was selected based on the availability in the market and frequency 
of use in the field. The size of the cutter and type of tip width was the same as used by Gertsch 
(2007) i.e. 432mm (17”) Disc Cutter and Constant Cross Section (CCS) but the tip width was 
wider with 19mm (0.75”) CCS tip width. A photo of the cutter used is shown in Figure 12. The 
cutter is mounted with a wedge lock system that was found to be more reliable compared to a V - 
Block system as stated by (Roby, 2008). 
Table 2: Linear cutting test matrix 
Parameter CRG LS1 LS2 FR1 FR2 FR3 
Cutter 17” Disc with 19mm CCS 




























6.4mm, 9.5mm & 13mm 
Cutting Speed 254mm/sec 
*Maximum penetration was set but putting spacers under the rock box and lifting the samples to 
the desired depth at 6.5” from the edge of the rock box. The actual point of start and end of 
penetration on the rock surface was different. 
The testing spacing was fixed for each block, depending on the width of the rock surface 
available. The spacing of 75mm was close to the optimal spacing of 76mm (3”) for brittle rocks 
as identified by Gertsch (2007) and used in all three-rock types. Since the strength of rock (UCS 
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and BTS) were higher, a lower spacing of 62.5mm (2.5”) was tested to observe any impact of 
spacing. Due to lower rock strength of the foliated rock, spacing of 85mm (3.4”) and 100mm (3.9”) 
were tested. The cutting speed was fixed at 254mm/sec (10in/sec) for all blocks.  The past 
experiences (Ozdemir, 1978) shows that the cutting forces depend on the speed, but beyond 254 
mm/sec they stabilize.  
The penetration range for constant penetration tests was decided by the CSM model. It was 
modified based on the trend of the force penetration plot from actual test data, if at a higher 
penetration the force was expected to exceed the nominal load capacity of the cutter i.e. 267kN 
(60000lbs) (Roby, 2008). For granite, penetrations up to 4.5mm (0.18”) were tested and the 
maximum penetration was limited in order to avoid systematically overloading the cutters by 
excessive penetration. However, for the sandstone and foliated rock, higher penetrations were 
tested but due to limited rock, it was restricted to 7.6mm (0.3”) in the second sandstone (LS2). All 
blocks of foliated rock were tested up to 10mm (0.4”) penetration. 
The penetration range for variable penetration tests were tried at three different slopes. This 
includes penetrations starting at 0 and ending up to 6.4mm (0.25”), 9.5mm (0.38”), and 13mm 
(0.5”).  It should be noted that the slopes are based on the rock box length of 1.37m (54”) and the 
actual start and end points on the rock varied depending on the area and shape of the rock exposed 
at the surface where the length and location of the cut lines in the rock could be different. However, 
the slope of the cut on the rock would remain the same and the configuration of the cutting surface 
(depth relative to the location of the cutter on the surface) was comparable.  
Since prior literature was not available for this cutting mode and test configuration, the 
penetration range selected was to study the effect of different slope range of variable penetrations 
on cutting forces. But, it was limited to practical penetration possible by nominal cutter load 
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capacity. Thus, 0 to 13mm slope in granite was not tested but 0 to 3.2mm slope was tried. Also 
due to limited rock in the second sandstone, only the two higher slopes of 0 to 9.5 (0.38”) and 






The data analysis was performed on the test data recorded, while cutting the rock blocks, to 
calculate and analyze the cutting forces and its relationship with penetration. The analysis of 
constant and variable tests is different. The data analysis for each method is detailed in individual 
sections. A final combined trend line of forces in both methods over penetration is developed for 
each block for specific spacing and plotted to compare them. 
The data acquired during testing is over the complete length of cut, including the casting 
concrete and rock surface. The rock surface start and end distance is measured and identified as 
the rock window. The start and end points of the rock window is noted at least 13 to 25mm from 
the edge of rock to remove any impacts of edge effects. The rock window could vary for each cut 
line in a pass depending on the shape of the rock.  
The data from testing is obtained in a data file consisting of six columns. The first column is 
the time tag in seconds, followed by LVDT read outs which indicates the location of the sample 
tray (or location of the cutter on the cutting surface), and four columns of data from the four legs 
of the tri-axial load cell. The LVDT and load cell data are in form of voltage measurements and 
are converted to distance and cutting forces, respectively, with the help of calibration factors. All 
data files were processed with the help of an automated excel macro program to summarize the 
results and plot the data.  
Microsoft Office Professional Plus 2016 Excel software application was used to calculate, 
plot and store the data and results. The analysis process was automated using programs developed 
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in Excel VBA module. The programs were developed to process the data obtained from individual 
cut lines and compile the results. For constant penetration tests, the cutting forces were estimated 
by averaging the measured values over the time and results were plotted to observe the force trends 
over the range of penetration increments tested. For variable penetration tests, another routine was 
developed to overlay the individual lines and obtain the combined force trace and the force-
penetration relationship was established by using best fit function and using force as objective and 
penetration as independent variable (not time). 
Not all cut line data processed provided valid data for analysis. As testing progressed, some 
cuts had to be eliminated due to loss of contact or operational errors. In addition, data collected 
from the edge cuts were not used in the analysis due to the influence of edge effects. This refers to 
the first line in the rock-concrete interface or the line between two different spacing.  The number 
of valid data points to arrive at the results is specified along with the results in Chapter 5. 
4.1 Constant Penetration Tests 
The data acquired in constant penetration tests are over the distance of rock. The target 
(measured and calculated) variables were average cutting forces (normal, rolling and side), cutting 
coefficient and specific energy for constant penetration. The cutting forces are calculated from the 
calibration factors and plotted for each cut line similar to an example shown in Figure 13. The side 
forces are positive on the left side of the disc, and negative on the right.  The side force is caused 
by the pressure relieve on fragmenting side of the disc where a chip is formed. The sign convention 
is set based on the calibration direction. 
As the cutter starts to cut, forces build up and the rock fragments, and the propagation of the 
cracks allows release of the pressure in the pressure bubble, leading to lower forces. The forces 
build up again as the cutter continues to travel through the rock and the cycle is repeated. Hence, 
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the average of forces along the cut line on the sample surface is calculated to understand the trends 
and compare the data lines. 
 
Figure 13: Example of constant penetration test cut line data reduced 
The derived parameters are cutting coefficient (CC) and specific energy (SE). Cutting 
coefficient is the ratio of rolling force to normal force, and indicates the amount of torque needed 
on an excavator cutterhead. (Gertsch, 2007). Specific energy is the energy required to break a unit 
 
Force Angle: 0.000 US System (in lbf) Average Std. Dev. Minimum Maximum
Cutting Coeff 0.131 Normal 50100 19600 13700 125000
Specific 14.519 hp-hr/yd3 Rolling / Drag 6540 3690 -3180 18500
Energy 14.2428 kWh/m3 Side 3,710 5930 -11200 17000
 SI System (in kN) Average Std. Dev. Minimum Maximum
Normal 223 87.2 60.9 556
Comments : Rolling / Drag 29.1 16.4 -14.1 82.3


































Normal Force Rolling/Drag Force Side Force Window Start Window End
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volume of rock and is given below for a unit length. (Teale, 1965) The formula has been derived 
from the combined total specific energy used by Howarth (1982). SE is reported in kWh/m3 (hp-
hr./cyd.) and a conversion factors are used to convert forces from kN to kWh. Specific energy 
provide the idea of mechanical work done by the machine and can be used to assess cutting 
efficiency. 
SE = Average Rolling Force (kN) / (Spacing (m) x Penetration (m)) / 3600000 
The measured cutting forces on individual cut lines are calculated by the program and derived 
parameters such as specific spacing along with forces and rolling coefficient are averaged for the 
line and can be plotted against spacing and penetration. The data points of the forces and calculated 
parameters are plotted against spacing, penetration, and S/P ratio. Also, trend lines are generated 
for the normal/rolling cutting forces, which will subsequently be used to compare the results of 
constant penetration tests with the variable penetration tests.  
4.2 Variable Penetration Tests  
The force data acquired in variable penetration tests are plotted against the calculated 
penetration (unlike constant penetration tests where the data is plotted against distance) since the 
penetration varies over distance of cut line. The depth of penetration at any given point is 
calculated based on the distance cut and the slope (proportional with the distance starting at zero 
and rising to the max penetration) of the rock. The equation of the trend line of normal force is 
calculated by best-fit regression between forces and momentary penetration depth along the cut, 
in terms of a power equation.  
An example of the data generated for an increasing and decreasing variable penetration is 
shown in Figures 14 and 15. The penetration for both increasing and decreasing tests is calculated 
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by multiplying the distance along the cut by the slope within the rock windows. A linear and power 
function equation were then used to estimate the forces as a function of penetration for each of 
these cut lines within the rock window (best-fit line/curve by determined by Excel).  
 
Figure 14: Example of force measurements for increasing penetration test 
Cutting Tool Source : EMI S/P Ratio : 5.90
 
Slope: Increasing Normal Force Trend
in mm US System Linear (y=Ax+B) Power (y=Ax^B) Exponential (y=Ae^Bx)
Penetration Class: 0.500 12.70 A 319000 248000 4360
Data Window Start : 0.122 3.10 B -39200 1.59 6.92
Data Window End: 0.405 10.28 R2 0.477 0.192 0.228
 Force Angle: 0 SI System Linear (y=Ax+B) Power (y=Ax^B) Exponential (y=Ae^Bx)
A 55.9 6.49 19.4
Comments : B -175 1.59 0.272
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Figure 15: Example of recorded forces for decreasing penetration test 
A new routine in Excel was developed to analyze the data by plotting the force over 
penetration for each slope angle and direction. The routine by itself can be used in future for data 
analysis in variable penetration tests. A subroutine was developed to over lay the plots from various 
cut lines (as shown in Figure 16) and generate a “average or composite force-penetration” signature 
curve that was subsequently used to find the best fit linear and power trend line for force as a 
Cutting Tool Source : EMI S/P Ratio : 5.90
 
Slope: Decreasing Normal Force Trend
in mm US System Linear (y=Ax+B) Power (y=Ax^B) Exponential (y=Ae^Bx)
Penetration Class: 0.500 12.70 A 40700 34000 2380
Data Window Start : 0.379 9.62 B 4320 0.918 5.36
Data Window End: 0.096 2.43 R2 0.103 0.0654 0.103
 Force Angle: 0 SI System Linear (y=Ax+B) Power (y=Ax^B) Exponential (y=Ae^Bx)
A 7.13 7.77 10.6
Comments : B 19.2 0.918 0.211































Normal Force Rolling/Drag Force Side Force Window Start
Window End Linear (Normal Force (SI)) Linear (Rolling Force (SI))
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function of penetration for the over-laid plots. The subroutine enhances the visualization of data 
and provides the key results i.e. the equation of the trend line.  
 
Figure 16: Example of overlaid cut lines for combined spacing to develop a trend line 
Two different approaches could be considered for data analysis.  One was to find the best-fit 
line/curve for each line and then average their slope or power constants. The alternative option 
was to combine the measured forces from various cut lines (averaged recorded forces based on the 
depth of penetration) and then find a best-fit line or curve for the combined force-penetration 
record. The second approach seem to offer better and more reasonable results since averaging the 
equation of trend line of individual cut lines parameters are not the same as the equation of a 
combined data lines. Hence, for analysis of data for variable penetration tests, the individual lines 
of specific slope and spacing were overlaid and a combined trend line was calculated. A similar 
y = 123000x0.55
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process was done for combining different spacing and penetration. An example of the combined 
plot and its trend line is shown in Figure 16. The linear and power trend line equation parameters 
are obtained from the combined plot. 
 
 
Figure 17: Example of non-zero y-intercept in linear trend lines (top) and power trend line for 
















































































Past studies have fitted linear (Gertsch, 2007) and power (Rostami, 1997) trend lines to relate 
the cutting forces to penetration based on the magnitude of the cutting force for a given increment 
of penetration as it remained constant for a cut line. However, the y-intercept of a linear trend 
shows non-zero values at zero penetration, which is unreasonable. Also, Gertsch (2007) reasons 
high normal forces at low penetrations due to the reaction of the rock on the cutter, based on the 
linear trend. The power trends can account for the higher forces at lower penetration and 
subsequent linear portion of the line. 
4.3 Sieve Analysis 
 The fragmented rock was collected after every valid test pass. The samples were collected 
between at least three valid cut lines over the length of cut. The samples were collected over the 
length of cut at fixed length and its distance measured. This process helped in marking the 
penetration position in variable penetration tests. Thus, the samples collected in these windows of 
length has a designated start and end penetration depth for each end penetration slope. 
 The samples were collected completely with a dustpan and brush all along the marked 
window and stored in labelled bags. The collected samples were then sorted in a sieve shaker using 
different sieve sizes. The size of sieves used for testing is 0.075, 2.00, 4.75, 12.7, 25.4 and 50.8mm 
for all samples. The samples retained in each sieve were weighed from which the percent of sample 
passing each sieve is calculated as the final result. The samples for variable penetration tests were 
tested at random windows to compare with the constant tests. The results of all tested samples have 
been plotted in a logarithmic graph and compared between constant and variable tests. The plots 





TEST RESULTS AND DISCUSSION 
5.1 Introduction 
The testing program was successful in obtaining valid data to analyze for all blocks except 
LS1.  The main results of the LCM testing are the average forces acting on the cutter for a given 
set of spacing and penetration, the resulting specific energy values, the trend line of variable slopes, 
and observations during the testing such as interaction between cuts and cutting action. The 
observations help in deciding the rock window and identifying any anomalies or outliers in the 
data.  
The results are summarized for each rock type and presented in a table in each section. The 
data is plotted for better understanding of the trends, and comparison with existing literature and 
the trend of the two methods. The trends of each of the plots is detailed along with the related test 
settings. The data in constant penetration tests detail the cutting force and specific energy over 
penetration (P) and spacing (S). The normal and rolling forces are plotted over penetration for 
comparison with variable penetration. A power trend of the normal force at discrete constant 
penetration points are generated.  
The results of variable penetration tests of increasing and decreasing slope are presented as 
power trends for comparison with literature, meaning the force-penetration plots generated by 
seeking a best-fit line over the average of forces from testing with constant penetration. The plots 
for increasing and decreasing are plotted separately for individual end penetration. Finally, a 
combined plot of constant and variable tests for each block is presented for comparison. Also, the 
plots of sieve analysis of rock fragments collected in the two methods is presented. 
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5.2  Test Results in Colorado Red Granite 
The tests conducted on Colorado Red Granite generated sufficient reliable data for analysis. 
The constant tests data can be compared with the test results of Gertsch (2007) conducted on the 
same rock type and the forces were found to be higher. This is likely because the rock properties 
were higher than that tested in the paper and the use of a disc cutter with wider tip. 
5.2.1 Constant Penetration Tests 
The summary of the measured forces and other test parameters for cutting CRG is provided 
in Table 3 and the plots of cutting forces versus penetration is shown in Figure 18. The statistical 
parameters associated with the results are presented in Appendix C. Average normal forces ranged 
from 140 kN (31500 lbf) to 210 kN (47200 lbf) and average rolling forces from six kN (1280 lbf) 
to 14 kN (3070 lbf), for penetrations of 1.9 to 4.4mm, respectively. The rolling coefficient ranged 
from 3.9% to 6.5% and specific energy ranged from 9.42 kWh/m3 to 13.5 kWh/m3 for the same 
range of penetration. A normal force–penetration trend line using power function for both spacing 
is obtained for comparison with the variable trends.  
The normal and rolling forces plotted over penetration show increasing linear trends with 
the y intercept being non-zero above 50kN similar to Gertsch (2007). The scattering of normal 
forces in 75mm spacing is likely due to surface irregularities and limited by number of data points. 
The rolling force trends are also consistent with the literature, with the force increasing with 
penetration and having the y-intercept close to the origin. The data trend for normal and rolling 
forces with spacing was opposite to the results of Gertsch (2007), except the 1.9mm penetration. 
Possible factors causing these differences include tip width and rock strength and could not be 
verified because of limited test data points. Since the trends are obtained it can still be used for 





Figure 18: Plot of normal force (top) and rolling force (bottom) as a function of penetration in 
CRG 
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Table 3: Summary of Cutting Forces at constant penetration of CRG 
S (mm) P (mm) 
Normal (kN) Rolling (kN) Side (kN) 
CC 
SE 
(kWh/m3) Avg. Max. Avg. Max. Avg. 
62.5 
(3 data points 
each) 
1.9 140 305 6 23 -1 0.039 10.8 
3.2 176 421 10 38 -6 0.054 11.2 
4.4 210 518 14 43 22 0.065 11.4 
75 
(4 data points 
each) 
1.9 168 403 7 30 -1 0.041 13.5 
3.2 153 573 8 43 -3 0.052 9.4 
4.4 200 589 12 45 6 0.060 10.0 
S - Spacing; P - Penetration; CC - Cutting Coefficient; SE - Specific Energy; 
 
5.2.2  Variable Penetration Tests 
The normal force trend lines calculated for different end penetration slope for both spacing 
are listed in Table 4. The plots of different end penetration of increasing and decreasing slopes are 
shown in Figures 19 and 20, for 62.5mm and 75mm, respectively. The trend lines for each 
penetration slope are plotted for both spacings in separate graphs for increasing and decreasing 
slopes. The plots also have the power trend lines developed from the combined files of the different 
penetration slopes. The combining of test results for different variable penetration slopes leads to 
higher forces being predicted at deeper penetrations due to the over estimates of forces based on 
the lower penetration. However, ignoring the lower slope results leads to underestimation of forces 
at lower penetration. 
The trend lines for lower end penetration (3.2mm) slopes intersect the best fit curves for 
higher nominal end penetration and seem to overestimate the force beyond the point of intercept 
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(very high slope). This (Figures 20 and 21) is because at the initial contact or lower penetration, 
the normal resistance to cutter is high but with increase in penetration, the forces increase 
moderately, as observed by Gertsch (2007) for constant incremental tests. This is due to changing 
mode of interaction of the cutter with increasing penetration. At lower slopes (3.2mm), the cutter 
interacts for the same distance of cut similar to higher slopes (9.5mm). But, since the penetration 
is low, the higher cutting force trends could be observed. This is also in line with the best-fit power 
functions where the initial slopes at lower penetration are higher than the slopes at higher 
penetrations.  

















3.2 6 22 2.22 5 65 1.71 
6.4 6 98 0.41 5 69 0.86 
9.5 6 118 0.33 5 114 0.41 
All 18 44 0.98 15 76 0.78 
75 
3.2 8 26 1.89 7 112 0.84 
6.4 7 83 0.49 6 99 0.77 
9.5 5 69 0.81 6 128 0.41 




Figure 19: Plot of normal force as a function of penetration for variable increasing (top) and 
decreasing (bottom) slopes in CRG of 62.5mm Spacing 















































































Figure 20: Plot of normal force as a function of penetration for variable increasing (top) and 
decreasing (bottom) slopes in CRG of 75mm Spacing 












































































Apart from that, comparing the increasing and decreasing penetration test slopes shows 
that the forces found in decreasing slope are higher as compared to slopes found in the increasing 
penetration tests. Also, the decreasing slope cutting behavior is slightly different compared to 
increasing penetration tests since the cutter contact with the rock would be different. The location 
of the actual loading area as postulated by Rostami (2013) is likely to be closer to the vertical 
contact point of the cutter compared to increasing slope. Further comprehensive research is needed 
to arrive at conclusions on the cutting mechanism in both the variable methods. 
Another set of graphs in Figure 21 shows the variation of normal force trends for both 
spacings. The variation of forces over spacing is not high and to compare the trends with the 
constant penetration test a combined trend line for all penetrations are developed for both 
increasing and decreasing slope. It appears based on the trends of variable tests, that the estimated 
cutting forces on constant penetration tests at 75mm spacing, is abnormal due to anomalous data, 
as higher spacing should require higher forces as found in literature (Gertsch, 2007), (Rostami, 
2008). Hence, a combined penetration trend developed for each spacing is compared with the 
constant test in Figure 22 and 23 for 62.5mm and 75mm spacing respectively instead of trying a 
combined spacing trend comparison of constant and variable tests, which is ideal, compared to 





Figure 21: Plot of normal force as a function of penetration for variable increasing (top) and 
decreasing (bottom) slopes in CRG of combined penetration 



































PAll - S62.5mm (2.5")





































PAll - S62.5mm (2.5")





Figure 22: Comparison of constant and variable penetration of 62.5mm spacing in increasing 
(top) and decreasing (bottom) slope in CRG 














































































Figure 23: Comparison of constant and variable penetration of 75mm spacing in increasing 
(top) and decreasing (bottom) slope in CRG 
















































































Figure 24: Sieve Analysis Results of CRG sample at 62.5mm (top) and 75mm (bottom) 
Spacing 

























Var. 3.2mm Inc. : P2.4 - 2.8mm
Var. 6.4mm Inc. : P3.2 - 4mm
Var. 9.5mm Inc. : P2.4 - 3.6mm
Var. 3.2mm Dec. : P1.2 - 0.8mm
Var. 6.4mm Dec. : P3.9 - 3.1mm
Var. 9.5mm Dec. : P5.9 - 4.7mm

























Var. 3.2mm Inc. : P0.8 - 1.2mm
Var. 6.4mm Inc. : P3.2 - 4mm
Var. 9.5mm Inc. : P7.2 - 8.4mm
Var. 3.2mm Dec. : P2.4 - 2mm
Var. 6.4mm Dec. : P2.3 -1.5mm
Var. 9.5mm Dec. : P2.3 -1.1mm
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5.2.3  Sieve Analysis Results 
 The sieve analysis results are presented in Appendix D and plotted in Figure 24 (on page 
57) for 62.5mm and 75mm spacing. The constant tests are plotted in red based colors, the 
increasing slope is plotted in green based colors and decreasing slope in blue based color. The 
plots show that there is no observable difference between constant and variable tests (both 
increasing and decreasing) in terms of the trend of the curve for both the spacing. Thus, it can be 
inferred that in granite variable tests create fragments similar to constant tests. 
The individual lines are offset in different ranges in both constant and variable tests. 
However, the data in 75mm spacing is more dispersed compared to 62.5mm, which likely relates 
to the abnormal forces observed in constant penetration tests. Although the earlier inference is 
agreeable, further detailed analysis is required with additional data to observe any distinct trends 
between constant and variable tests, or in between increasing and decreasing penetration tests. 
5.3  Lyon Sandstone 1  
The data acquired of Lyon Sandstone sample LS1 during LCM tests were not consistent 
to provide reliable conclusions. The results were varying with abnormal high forces and limited 
valid data points combined with limited uniform test surface. This was primarily because of the 
over break along the bedding of the sample. Since the cutting direction was perpendicular into the 
bedding plane, as the pressure built up during the indentation phase of the disc cutter into cutting 
surface, the fractures propagated along the bedding planes. This led to over break along the cutline, 
even overcasting the spacing between the lines and the width of the over breaks were beyond 





Figure 25: LS1 Example of rock surface with uneven surface- Constant Penetration (top) and 




Figure 26: Example data plots of incomplete data when disc was stuck (top) and lack of forces 
due to over break.(bottom) 
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Example of such tested surfaces are shown in Figure 25 (top), showing an uneven rock 
surface leading to the disc being stuck during the 7.6mm constant penetration test. Figure 26 (top) 
refers to the data acquired during the test of a cut line, which shows the scattered data due to the 
disc being stuck on an uneven surface. Another example of rock over break during the 0 to 13mm 
increasing penetration test is shown in Figure 25 (bottom). The lack of any resistive force in the 
second graph in Figure 26 (bottom) is due to damage in rock by previous cuts. As a result, no 
further analysis was done on the data from LS1 due to the unreliable nature of the data and limited 
test results that did not allow to develop a statistically reliable analysis of anomalies. 
5.4 Lyon Sandstone 2 
5.4.1 Constant Penetration Tests 
The summary of the measured forces and other test parameters for testing LS2 sample 
tested at 75mm spacing are provided in Table 5 and the plots of the cutting forces versus 
penetration are shown in Figure 27. The statistical parameters associated with the results of 
variable penetration test in this rock are presented in Appendix C. Average normal forces ranged 
from 168 kN (37700 lbf) to 196 kN (44000 lbf) and average rolling forces from 8.3 kN (1860 lbf) 
to 22 kN (4850 lbf) for penetration ranging from 2.5 to 7.5 mm. The cutting coefficient ranged 
from 4.9% to 11% and the specific energy ranged from 10.7 kWh/m3 to 12.4 kWh/m3 for the same 
range of penetrations. 
The graph in Figure 27 shows that the normal forces increase modestly with penetration 
and high initial forces are observed. The slope of the normal force trend line is moderate compared 
to granite. However, the trends of both normal and rolling force increase with penetration 
consistent with the literature for hard brittle rocks (Gertsch, 2007). A normal force–penetration 
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trend curve using power function is obtained and used later for comparison with variable 
penetration tests. This serves as a benchmark for comparison of force trends in increasing and 
decreasing of variable penetration tests. 
Table 5: Summary of Cutting Forces at constant penetration of LS2 
S (mm) P (mm) 
Normal (kN) Rolling (kN) Side (kN) 
CC SE (kWh/m3) 
Avg. Max. Avg. Max. Avg. 
75 
(10 data points) 
2.5 168 350 8.29 34.9 -6.9 0.049 12.2 
5.1 187 644 14.6 68.5 0.90 0.078 10.7 
7.6 196 627 21.6 85.8 4.86 0.110 10.5 
S - Spacing; P - Penetration; CC - Cutting Coefficient; SE - Specific Energy 
 
 
Figure 27: Plot of cutting force as a function of penetration in LS2 
































S75mm (3.0") - Normal
S75mm (3.0") - Rolling
Power (S75mm (3.0") - Normal)
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5.4.2 Variable Penetration Tests 
Table 6 shows the summary of the results for combined spacing of two different maximum 
end penetrations for variable penetration tests. The plots of different penetrations of increasing and 
decreasing slopes are shown in Figure 28. Similar to the granite sample, a combined force 
penetration trend is developed from both of the end penetration curves. Also, the constant 
penetration test data is plotted with a power function best-fit curve for comparison. The trend lines 
for increasing and decreasing penetration show that the trend in force-penetration curves for 
increasing and decreasing penetration are not similar.  The increasing force-penetration slope are 
higher by around 1.5 times the decreasing slope trends. 
From the plots, it is explicit that the constant penetration tests trend results in higher forces 
in comparison to variable penetration trend line for both increasing and decreasing slopes. The 
normal force trends of 0 to 9.5mm slope as found in granite, follow the same trend as constant 
penetration tests but are lower by approximately 75kN. Additionally, the 0 to 13mm slope was 
found to estimate lower forces for the same range but the slope of the trend is higher. This indicates 
that as the slope of the variable test increases, the estimated forces decrease irrespective of being 
in the same range. 
The sample was cast with the bedding planes parallel to the cutting direction, and Sanio 
(1985) states that while cutting parallel to bedding the forces are higher. The comparison of forces 
with granite may concur with the lower forces in LS2 due to bedding in spite of exhibiting similar 
rock properties. Furthermore, the test results show that the variable penetration has a lower 





Figure 28: Plot of normal force as a function of penetration for variable increasing (top) and 
decreasing (bottom) slopes in LS2 of 75mm Spacing 



























































































9.5 4 87 0.27 9 45 0.58 
13 5 17 1.04 8 4.3 1.52 
Combined 9 50 0.53 17 29 0.64 
Also, the increasing slope estimates higher forces compared to the decreasing slope unlike 
in granite where the opposite is observed. Thus, it infers that the normal force in variable 
penetration tests of an anisotropic bedded rock exhibit lower resistance compared to constant 
penetration of the same rocks, when bedding is parallel to cutting directions. However, more data 
points in different bedded rocks are required to statistically develop a generalized trend. 
5.4.3 Sieve Analysis Results 
 
Figure 29: Sieve Analysis Results of LS2 sample at 75mm Spacing 
























Var. 9.5mm Inc.: P2.4 - 3.6mm
Var. 9.5mm Inc.: P6 - 7.2mm
Var. 9.5mm Dec.: P5.9 - 4.7mm
Var. 9.5mm Dec.: P4.7 - 3.5mm
Var. 13mm Inc.: P4.8 - 6.4mm
Var. 13mm Inc.: P6.4 - 8mm
Var. 13mm Dec.: P9.5 - 7.9mm
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  The sieve analysis results are presented in Appendix D and plotted in Figure 29 for 
LS2 sample at 75mm spacing. The constant penetration test results as well as the increasing/ 
decreasing penetration test results are identified by various colors. Similar to granite, the plots 
show that there is no observable difference in product size distribution between constant and 
variable penetration tests (both increasing and decreasing) in terms of the trend of the curves. Thus, 
it can be inferred in LS2 that variable tests create fragments similar to constant tests. 
5.5  Results of Full-Scale Testing of Foliated Rock Samples 
Three blocks were tested belonging to the same foliated rock - FR1, FR2, FR3 in 3 different 
spacing 75mm, 85mm and 100mm, respectively. All the blocks were tested such that the foliations 
are parallel to the cutting direction.  The rock minerals were not uniform all along the lines cut in 
the rock sample.  This refers to variation in the concentration of various minerals along the path 
of the disc cutter.  However, by averaging the result of all the cut lines, a reasonable comparison 
between different spacing and penetration values is possible as the number of data points when are 
higher. 
5.5.1 Constant Penetration Tests 
The cutting forces and calculated parameters are averaged for a given set of spacing and 
penetration. Average normal forces ranged from 103 kN (23200 lbf) to 264 kN (59300 lbf) and 
average rolling forces from 6 kN (1280 lbf) to 37 kN (8300 lbf) for cutting at a penetration depth 
of 2.54 to 10.2 in spacing from 75mm to 100mm. The cutting coefficient ranged from 5.5% to 
14.8% and the specific energy ranged from 6.01 kWh/m3 to 13.5 kWh/m3 over the same range of 
tested penetrations. The summary of the measured forces and other test parameters are provided 
in Table 7 and the plots of cutting forces versus penetration and spacing is shown in Figures 30 
56 
 
and 31. The statistical parameters associated with the results of testing in these rock samples are 
presented in Appendix C. 











Avg. Max. Avg. Max. Avg. 
75 
2.5 3 118 263 8.24 26.9 8.13 0.070 12.1 
5.1 3 162 399 13.3 32.7 11.1 0.082 9.72 
7.6 4 187 477 25.1 70.7 7.90 0.135 12.3 
10 6 264 520 36.9 74.7 8.3 0.140 13.5 
85 
2.5 4 121 313 6.98 23.3 2.66 0.058 9.04 
5.1 4 145 383 12.2 35.2 7.15 0.084 7.88 
7.6 4 189 461 23.2 52.8 5.02 0.123 10.0 
10 6 210 564 28.7 97.1 8.73 0.136 9.27 
100 
2.5 5 103 244 5.70 20.9 2.57 0.055 6.27 
5.1 5 149 492 10.9 39.3 9.90 0.073 6.01 
7.6 5 158 549 20.2 61.5 10.7 0.128 7.41 
10 5 214 597 31.7 95.7 9.56 0.148 6.14 
S - Spacing; P - Penetration; CC - Cutting Coefficient; SE - Specific Energy 
The trend of forces with spacing has decreased for both normal and rolling. Though the 
forces show a downward trend, they do not vary significantly over spacing as shown in the plots, 
except at higher penetration of 10mm for normal force. Similarly, rolling forces decrease over 
spacing discreetly. Thus, a combined force-penetration trend line was developed by combining the 





Figure 30: Plot of normal force as a function of penetration (top) and spacing (bottom) in 
foliated rock 































S75mm (3.0") - Normal
S85mm (3.4") - Normal
S100mm (3.9") - Normal
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Figure 31: Plot of rolling force as a function of penetration (top) and spacing (bottom) in 
foliated rock 



































S75mm (3.0") - Rolling
S85mm (3.4") - Rolling
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Rolling - P0.3" (7.6mm)
Rolling - P0.4" (10mm)
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A normal force–penetration trend line using a power function for combined results from 
various spacing was obtained since the variation of forces with spacing was not high and 
monotonic as expected.  This could be due to variations in the rock properties of each block. As 
expected in literature, the normal and rolling force data trends show increase with penetration. The 
trends of rolling force were consistent with Gertsch (2007) with the forces increasing moderately 
at lower penetrations and then increasing steeply at deeper penetration.  
5.5.2 Variable Penetration Tests  








A (kN/(mm^B)) B 
Data 
Points 
A (kN/(mm^B)) B 
75 
6.4 6 16 1.55 4 98 0.27 
9.5 7 5 1.95 0 All Negative 
12.7 6 9 1.48 5 82 0.24 
All 19 31 0.88 9 120 0.04 
85 
6.4 5 19 1.45 3 54 1.03 
9.5 5 61 0.50 4 41 0.99 
12.7 4 9 1.38 4 14 1.26 
All 14 54 0.52 11 82 0.43 
100 
6.4 5 21 1.05 5 39 0.75 
9.5 3 28 0.79 4 50 0.55 
12.7 4 15 1.04 4 20 0.99 





Figure 32: Plot of normal force as a function of penetration for variable increasing (top) and 
decreasing (bottom) slopes in foliated rock of 75mm Spacing 






































































Figure 33: Plot of normal force as a function of penetration for variable increasing (top) and 
decreasing (bottom) slopes in foliated rock of 85mm Spacing 







































































Figure 34: Plot of normal force as a function of penetration for variable increasing (top) and 
decreasing (bottom) slopes in foliated rock of 100mm Spacing 





































































Table 8 shows the trend lines for the combined test results of spacing for different 
maximum penetrations. The plots of different penetration of increasing and decreasing slopes are 
shown in Figures 32, 33 and 34 for each spacing. The rock blocks were not of the same length 
leading to different starting and ending penetrations for each block. As observed in granite and 
sandstone, the trend line of lower penetration (6.4mm) overestimates the forces at higher 
penetration (9.5 or 13mm). Also, similar to sandstone, the trend lines of each slope do not connect 
with the lower end of the next higher penetration lines.  
Though the variable forces are lower than constant tests in most of the three plots, no 
consistent inferences can be made on comparison with constant tests. Hence, all three different 
end penetration slopes are combined for each spacing and plotted in Figure 35. The plots show 
that similar to constant test trends the variation of force with spacing decreases which is likely due 
to different dominant minerals while testing each block. Also, similar to the constant test little 
variation with spacing is observed. The number of data points were limited in the 75mm decreasing 
test and hence the abnormal trend is observed. 
Thus, in order to compare with a combined spacing constant trend line, a combined trend 
for all spacing is calculated and their parameters are shown in Table 9, along with the plot in Figure 
36. From the plot, it is evident that the normal force in the constant penetration test estimates a 
higher force compared to variable increasing or decreasing, but not as high as observed in 
sandstone. Also, the increasing and decreasing slope test trends are in the same range.  
Table 9: Combined Spacing power trend of constant and variable penetration in FR - y=AxB 
Combined Spacing and Penetration Data Points A (kN/(mm^B)) B 
Constant Incremental 12 76 0.43 
Variable Increasing 45 41 0.66 




Figure 35: Plot of normal force as a function of penetration for variable increasing (top) and 
decreasing (bottom) slopes in foliated rock of combined penetration 
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Figure 36: Comparison plot of normal force between constant and variable tests at combined 
spacing. 
5.5.3 Sieve Analysis Results  
The sieve analysis results for the foliated rocks are presented in Appendix D and plotted in 
Figure 37, at 75mm and 85mm spacing. The results of the constant penetration tests, the increasing 
and decreasing slopes are plotted in certain color groups. Similar to granite and sandstone, the 
plots show that there is no observable difference between constant and variable penetration tests 
(both increasing and decreasing) in terms of the trend of the product size distribution curves and 
spread of the particle sizes for both spacing. Thus, it can be inferred in the foliated rocks (FR1 and 
FR2) that variable penetration tests create fragments similar to constant penetration tests. 






































Figure 37: Sieve Analysis Results of FR sample at 75mm (top) and 85mm (bottom) Spacing 
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Var. 9.5mm Dec.: P3.5 - 2.3mm





CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The comparison of measured normal force on a disc cutter between discrete points of 
constant penetration tests and continuous variable penetration tests was performed by full-scale 
cutting tests on a LCM machine using three rock types. The modified testing method is developed 
to allow for testing continuously increasing and decreasing penetration while cutting.  No prior 
literature exists on full-scale cutting tests using variable penetration. A new data analysis routine 
was developed to analyze the collected data, and it was compared with the existing literature on 
constant penetration tests.  
 The tests were performed on three rock types: an isotropic granite, a bedded sandstone and 
a foliated rock, representing igneous, sedimentary, and metamorphic rocks, respectively. The 
trends of constant and variable penetration tests were comparable in granite rock at 62.5mm 
spacing. Based on the results of completed tests the following conclusions could be drawn. 
 The testing of the different rocks seem to suggest that as slope increases in variable 
penetration tests, the measured forces were lower than the forces recoded during the 
constant penetration tests, even over the same penetration range. Hence, in order to 
compare the forces between constant and variable penetration tests a combined trend of 




 As the slope angle of the cutting for variable penetration increases (higher penetration for 
the same distance of cut) the measured forces seem to decrease. The reason behind this was 
postulated based on Gertsch (2007) that at lower penetration range, i.e. <3mm, which is 
predominant in lower slope, the cutter experience high resistance to indentation into the 
rock surface. As penetration increases, the forces increase moderately compared to the 
initial drastic reaction. This is commensurate with the concept of threshold force that has 
been discussed in the literature, where at low penetrations the forces rise sharply and as the 
indentation continues, the increase in forces are more moderate and at lower pace with 
increase in penetration depth. 
 In granite, the 62.5mm spacing forces provided consistent data in constant penetration tests 
for comparison and its variable penetration trends were close to constant penetration tests. 
The force trends between the two methods indicate however lower forces in variable 
penetration tests. 
 In sand stone, tested parallel to bedding, the variable penetration forces are significantly 
lower than forces measured during constant penetration tests indicating that cutting in a 
variable penetration parallel to bedding could be easier than anticipated, when referring to 
the results of past studies on this topic.  
 In the foliated rock, the variation of forces with spacing indicated opposite trend when 
compared to existing literature. This might be due to variation in the mineral content and 
strengths of the rock block.   
 The comparison of the measured forces at individual spacing indicate that the cutting forces 
in variable penetration tests were close to or less than forces measured in constant 
penetration tests. However, since no drastic variation was observed over spacing, a 
69 
 
combined force-penetration curve was developed by averaging the results of testing at 
different spacing, for constant penetration tests, which indicated lower forces estimated by 
variable penetration forces.   
 The comparison of the measured forces in all three foliated rocks, indicate that the forces 
measured in testing of variable penetration tests tend to be closer to, or lower than forces 
measured in constant penetration tests, with the difference being higher in anisotropic 
rocks. However, additional tests are required to validate the inference. 
 Apart from that, the comparison of trends of increasing and decreasing penetration tests 
relative to spacing, the resulting forces and trends were not consistent, and in some cases, 
they seem to be dissimilar. This is postulated to be due to different contact area 
configuration between the two modes of cutting during increasing and decreasing 
penetration cutting tests. 
6.2 Recommendations 
Based on the work completed in this study, the following steps for continuation of the work is 
recommended: 
 Comparison of rolling forces and composite parameters studied in rock cutting by 
mechanical excavation tools in the past, such as rolling/cutting coefficient and specific 
energy. 
 Developing a unified set of test results based on the current understanding of the rock 
cutting behavior relative to spacing and penetration, and integrating that with the measured 
cutting forces during the variable penetration tests to allow for more accurate behavior of 
the cutting system and related tools when used on partial-face machines. 
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 Additional testing to understand the impact of different slopes and spacing in cutting rock 
at variable penetration.  This may require some minor modifications in testing as needed.  
This is because this study is the first of its kind using variable penetration and many other 
parameters impacting the cutting process such as spacing, penetration ranges, rock 
properties, rock anisotropy etc. have not been examined. 
 Numerical modelling the contact of the cutter in increasing and decreasing slope with 
existing calibrated models for constant penetration could explain some of the observations 
in this study and can help in developing a better understanding of the process in such cutting 
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ROCK MECHANICS SUMMARY WITH STATISTICS 
Table A. 1: Rock Mechanics Results with Statistical Parameters 
Test Type Parameter CRG LS1 LS2 FR 
UCS (MPa) 
No. of Tests 3 2 2 11 
Average 179 197 194 110 
Standard Deviation 7.3 16 5.7 27 
Standard Error 4.2 11 4.0 8.2 
BTS (MPa) 
No. of Tests 3 3 2 9 
Average 8.90 10.8 8.61 6.41 
Standard Deviation 0.87 0.99 1.7 3.0 
Standard Error 0.50 0.57 1.2 0.99 
CAI 
No. of Tests 3 3 1 10 
Average 5.27 6.13 7.18 2.69 
Standard Deviation 0.38 0.29 N/A 0.71 
Standard Error 0.22 0.17 N/A 0.22 
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Table A.1 Continued 
Test Type Parameter CRG LS1 LS2 FR 
PP Peak Slope (kN/m) 
No. of Tests 3 2 1 9 
Average 200 193 229 140 
Standard Deviation 20 20 N/A 20 
Standard Error 12 14 N/A 6.8 
Dynamic Young’s modulus 
(GPa) 
No. of Tests 3 3 2 7 
Average 51.1 38.2 48.5 47.3 
Standard Deviation 1.2 1.5 1.1 16 
Standard Error 0.69 0.87 0.76 6.2 
Dynamic Poisson’s ratio 
No. of Tests 3 3 2 7 
Average 0.23 0.05 0.13 0.25 
Standard Deviation 0.008 0.014 0.009 0.063 






SPECIFICATIONS OF CAST CONCRETE 
Concrete Mix Design: SA3166 (Pump Prime) 
Description: 3,000 psi Sand Grout 
Suburban Lab No.: 
MIX PROPORTIONS: (PER CUBIC YARD) 
Cement – Mountain V              ASTM C-150                                              700   lbs. 
Fly Ash – Nebraska City          ASTM C-618                                              200   lbs. 
Sand - Riverbend                      ASTM C-33                                              2150   lbs. 
AEA – Sika Air                         ASTM C-494                                               1.0   ozs. 
Water - City                              ASTM C-94                                              450   lbs. (54.0 gals.) 
The above weights are based upon aggregates being in the saturated, surface dry condition. Batch 
plant corrections must be made for aggregates that vary from these moisture conditions. *** 
AEA adjustments at plant and on site may be required to achieve to proper air entrainment. 
Air adjustments may be made with either liquid or Fritz air entrainment. Mix proportions 
may be adjusted in accordance with ACI 301 sections 3.8, 3.11, and 17.2. 
PHYSICAL PROPERTIES OF MIX:              ACTUAL                      TARGET 
Slump 11.5” N/A" 
Air Content 4.9% N/A % 
Unit Weight  126.0 pcf 
Water/Cement Ratio  0.50 
COMPRESSIVE STRENGTH (psi): 
(From Field Trial Data)          7 Day              28 Day 





STATISTICAL PARAMETERS OF CONSTANT PENETRATION TEST RESULTS 





Normal (kN) Rolling (kN) Side (kN) Cutting Coefficient 
Specific Energy 
(kWh/m3) 




1.9 125 41 14 4.9 1.5 0.5 -1.6 0.6 0.2 0.039 0.001 0.000 11.4 3.5 1.2 
3.2 183 18 6.2 10.3 2.0 0.7 -0.1 7.6 2.5 0.056 0.005 0.002 14.5 2.7 0.91 




1.9 168 34 8.6 6.9 2.0 0.5 -1.1 4.5 1.1 0.000 0.003 0.001 13.5 3.4 0.85 
3.2 153 35 8.8 8.0 1.4 0.4 -2.7 8.7 2.2 0.052 0.004 0.001 9.42 2.4 0.59 
4.4 200 29 7.4 12.0 2.8 0.7 5.9 11 2.8 0.060 0.007 0.002 10.0 2.5 0.63 










Table C. 2: LS2 Constant Penetration tests with Statistical Parameters 
Penetration (mm) 
Normal (kN) Rolling (kN) Side (kN) Cutting Coefficient Specific Energy (kWh/m3) 
Avg. SD SE Avg. SD SE Avg. SD SE Avg. SD SE Avg. SD SE 
2.5 168 33 3.3 8.29 1.8 0.2 -6.9 7.2 0.7 0.049 0.006 0.001 12.2 2.6 0.3 
5.1 187 32 3.2 14.6 2.6 0.3 0.9 4.0 0.4 0.078 0.012 0.001 10.7 1.9 0.2 
7.6 196 35 3.5 21.6 6.5 0.6 4.9 16.2 1.6 0.110 0.020 0.002 10.5 3.2 0.3 











Normal (kN) Rolling (kN) Side (kN) Cutting Coefficient Sp. E (kWh/m3) 
Avg. SD SE Avg. SD SE Avg. SD SE Avg. SD SE Avg. SD SE 
75 
 
2.5 3 118 36 12 8.24 3.2 1 8.13 4.5 2 0.070 0.008 0.003 12.1 4.6 1.5 
5.1 3 162 2 1 13.3 1.4 0 11.1 6.1 2 0.082 0.010 0.003 9.72 1.04 0.3 
7.6 4 187 64 16 25.1 8.6 2 7.90 17.3 4 0.135 0.003 0.001 12.3 4.2 1.0 
10 6 264 85 14 36.9 12.3 2 8.3 9.5 2 0.140 0.011 0.002 13.5 4.5 0.8 
85 
2.5 4 121 40 10 6.98 2.5 1 2.66 3.0 1 0.058 0.004 0.001 9.04 3.20 0.8 
5.1 4 145 30 7 12.2 1.3 0 7.15 7.4 2 0.084 0.011 0.003 7.88 0.87 0.2 
7.6 4 189 36 9 23.2 4.5 1 5.02 4.4 1 0.123 0.009 0.002 10.0 1.9 0.5 
10 6 210 34 6 28.7 4.5 1 8.73 9.5 2 0.136 0.009 0.001 9.27 1.45 0.2 
100 
2.5 5 103 40 8 5.70 2.2 0 2.57 6.1 1 0.055 0.012 0.002 6.27 2.41 0.5 
5.1 5 149 73 15 10.9 5.2 1 9.90 6.5 1 0.073 0.012 0.002 6.01 2.88 0.6 
7.6 5 158 31 6 20.2 4.8 1 10.7 7.3 1 0.128 0.009 0.002 7.41 1.78 0.4 
10 5 214 144 29 31.7 24.6 5 9.56 10.7 2 0.148 0.012 0.002 6.14 1.55 0.3 





SIEVE ANALYSIS SUMMARY 




Window (mm) Cumulative % Passed (mm) 
Start End 0.075 2.00 4.75 12.7 25.4 50.8 >50.8 
75 
1.9 1.9 1.9 13% 42% 50% 62% 92% 98% 98% 
3.2 3.2 3.2 7% 25% 30% 36% 47% 100% 100% 
4.4 4.4 4.4 7% 28% 32% 40% 54% 100% 100% 
3.2 Inc 0.8 1.2 6% 22% 26% 30% 46% 100% 100% 
3.2 Dec 2.4 2.0 4% 19% 25% 30% 33% 100% 100% 
6.4 Inc 3.2 4.0 7% 27% 33% 43% 52% 100% 100% 
6.4 Dec 2.3 1.5 10% 37% 44% 55% 78% 100% 100% 
9.5 Inc 7.2 8.4 8% 26% 31% 38% 45% 76% 100% 





Table D.1 Continued 
Spacing 
(mm) 
Penetration (mm) Window (mm) Cumulative % Passed (mm) 
Start End 0.075 2.00 4.75 12.7 25.4 50.8 >50.8 
62.5 
1.9 1.9 1.9 11% 36% 43% 56% 73% 99% 99% 
3.2 3.2 3.2 11% 36% 43% 53% 67% 99% 99% 
4.4 4.4 4.4 9% 33% 41% 50% 59% 99% 99% 
3.2 Inc 2.4 2.8 9% 32% 40% 48% 73% 100% 100% 
3.2 Dec 1.2 0.8 12% 42% 48% 54% 54% 100% 100% 
6.4 Inc 3.2 4.0 7% 26% 32% 39% 58% 100% 100% 
6.4 Dec 3.9 3.1 9% 36% 43% 51% 64% 100% 100% 
9.5 Inc 2.4 3.6 12% 37% 43% 48% 73% 100% 100% 






Table D. 2: LS2 Sieve Analysis Summary 
Penetration (mm) 
Window (mm) Cumulative % Passed 
Start End 0.075 2.00 4.75 12.7 25.4 50.8 >50.8 
2.5 2.5 2.5 16% 38% 44% 55% 79% 100% 100% 
5.1 5.1 5.1 10% 29% 35% 48% 66% 100% 100% 
7.6 7.6 7.6 6% 19% 23% 35% 43% 89% 100% 
9.5 Inc 
2.4 3.6 15% 38% 44% 57% 77% 100% 100% 
6.0 7.2 6% 19% 24% 37% 61% 80% 100% 
9.5 Dec 
5.9 4.7 11% 32% 40% 55% 92% 100% 100% 
4.7 3.5 8% 24% 30% 44% 62% 88% 100% 
13 Inc 
4.8 6.4 9% 28% 34% 49% 63% 84% 100% 
6.4 8.0 5% 17% 23% 38% 62% 100% 100% 
13 Dec 
9.5 7.9 7% 23% 29% 44% 67% 91% 100% 






Table D. 3: FR1 Sieve Analysis Summary 
Sample Penetration (mm) 
Window (mm) Cumulative % Passed 
Start End 0.075 2.00 4.75 12.7 25.4 50.8 >50.8 
FR 1 @ 
75mm 
Spacing 
2.5 2.5 2.5 5% 18% 26% 46% 59% 100% 100% 
5.1 5.1 5.1 6% 19% 27% 42% 67% 92% 100% 
7.6 7.6 7.6 9% 30% 41% 54% 73% 100% 100% 
10 10 10 8% 25% 32% 44% 60% 100% 100% 
6.4 Inc 2.5 3.1 10% 32% 40% 51% 76% 100% 100% 
6.4 Dec 3.8 3.3 5% 18% 24% 34% 43% 100% 100% 
9.5 Inc 4.6 5.6 7% 25% 33% 52% 72% 100% 100% 
9.5 Dec 4.9 3.9 7% 23% 33% 48% 76% 100% 100% 
13 Inc 7.5 8.8 7% 24% 32% 46% 74% 100% 100% 






Table D. 4: FR2 Sieve Analysis Summary 
Sample Penetration (mm) 
Window (mm) Cumulative % Passed 




6.4 Dec 2.5 2.5 8% 26% 34% 45% 55% 82% 100% 2.5 
9.5 Inc 5.1 5.1 5% 18% 24% 34% 46% 85% 100% 5.1 
9.5 Dec 7.6 7.6 6% 23% 31% 41% 56% 83% 100% 7.6 
13 Inc 10 10 7% 25% 33% 45% 62% 83% 100% 10 
13 Dec 2.4 3.2 9% 27% 34% 46% 54% 100% 100% 2.4 
6.4 Dec 3.9 3.1 6% 23% 31% 40% 54% 88% 100% 3.9 
9.5 Inc 4.8 6.0 5% 20% 27% 37% 48% 90% 100% 4.8 
9.5 Dec 3.5 2.3 8% 28% 39% 55% 81% 100% 100% 3.5 
13 Inc 8.0 9.6 6% 26% 37% 53% 72% 100% 100% 8.0 
13 Dec 4.7 3.1 6% 25% 36% 54% 72% 100% 100% 4.7 
 
